The interest in following the evolution of the valence electronic structure of atoms and molecules during chemical reactions on a femtosecond time scale is discussed. By explicitly mapping the occupied part of the electronic structure with femtosecond pump-probe schemes one essentially follows the electrons making the bonds while the bonds change. This holds the key to unprecedented insight into chemical bonding in short-lived intermediates and reveals the coupled motion of electrons and nuclei. Examples from the recent literature on small molecules and anionic clusters in the gas phase and on atoms and molecules on surfaces using lab-based femtosecond laser methods are used to demonstrate the case. They highlight how the evolution of the valence electronic structure can be probed with time-resolved photoelectron spectroscopy with ultraviolet (UV) probe photon energies of up to 6 eV. It is shown how new insight can be gained by extending the probing wavelength into the vacuumultraviolet (VUV) region to photon energies of 20 eV and more by accessing the whole occupied valence electronic structure with time-resolved VUV photoelectron spectroscopy.
Introduction
Short-pulse x-ray sources offer the opportunity for unprecedented insight into the ultrafast dynamics of materials. In comparison to established techniques based on short laser pulses with wavelengths ranging from the ultraviolet (UV) to the infrared (IR) region, ultrashort pulses in the Vacuum Ultraviolet (VUV) and x-ray regime with wavelengths below approximately 200 nm and pulse durations in the femtosecond range give access to the ultrafast dynamics of hitherto inaccessible observables. It hence seems timely to consider the benefit of using ultrashort x-ray pulses for the investigation of the ultrafast dynamics of materials. It is the aim of this contribution to give a subjective perspective on this with respect to the investigation of ultrafast chemical dynamics.
The pump and probe method where a chemical reaction can be initiated by a photon with a pump pulse at a certain wavelength and the system is investigated at a defined time delay with a subsequent probe pulse is one of the most widely used methods to study the dynamics of chemical reactions. It essentially yields a movie of the reaction: Time-resolved measurements at various delays between pump and probe pulses can be stacked to yield the system's evolution in time. The pump-probe method is conceptually depicted in Figure 1 (a).
Depending on the environment of the reaction, i.e. whether it takes place in the gas phase, in solution or at an interface, various methods have been used to study these changes. The system's evolution is probed by detecting fluorescence photons, electrons or ions, by recording the absorption of the sample at various wavelengths, by recording scattered photons or by making use of non-linear effects in the sample. The investigation of chemical dynamics or, more precisely, the investigation of the atomic-scale dynamics of chemical interactions has greatly profited from the invention of the concept of "femtochemistry" introduced by A.
Zewail and co-workers (1, 2) . Since these original studies, the field of femtochemistry has rapidly evolved and it is not the aim of this perspective to review this development. Rather, the reader is referred to a number of excellent articles, reviews and books that have appeared over the years (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) .
When it comes to studying the chemical interactions between atoms and molecules during a chemical reaction, one method is, from my perspective, particularly important and this is time-resolved photoelectron spectroscopy (TRPES) (16-18, 10, 12, 13) . Compared to other methods such as transient absorption spectroscopy or laser induced fluorescence 3 spectroscopy, TRPES offers a number of advantages which have been nicely discussed in the review article by A. Stolow (17) : TRPES is a particularly sensitive method, as the detection of electrons is very efficient. Furthermore, there are no so called dark states in photoelectron spectroscopy as the system can always be ionized, provided that the photon energy is high enough. In addition, at a given photon energy, one can measure all photoelectron kinetic energies at the same time and this detailed information can be even complemented with measuring the angular distribution of the photoelectrons. Finally, TRPES can be used to probe the occupied electronic structure of the atoms and molecules during the reaction and this is a comparably direct way of mapping the evolution of the chemical interactions.
The question arises why to use ultrashort x-ray pulses to study chemical dynamics? Pump- probe experiments where probing is accomplished with x-rays give unique access to the dynamics of nuclear and electronic degrees of freedom both on the atomic length scale of Å and on pico-to femtosecond time scales corresponding to nuclear motions. Ultrashort x-ray pulses have thus been used to track nuclear dynamics in solids and during chemical reactions in liquids (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) . As nuclei move during chemical reactions the electronic structure changes concomitantly and, compared to time-resolved laser techniques, time-resolved x-ray spectroscopy gives unprecedented access to this electronic structure evolution as will be demonstrated in this perspective. The question about why to use ultrashort x-ray pulses to study chemical dynamics hence, from my perspective, essentially reduces to the question about why to use x-rays in the first place and in contrast to radiation with wavelengths from the UV to the IR region.
Various time-resolved x-ray spectroscopic techniques probing the occupied or unoccupied part of the electronic structure have been used to elucidate molecular dynamics during chemical reactions in solution (26-29, 31, 34, 42-47) , in the gas phase (36) (37) (38) (39) (40) , and on surfaces (41) with picosecond and femtosecond time resolution. Often, time-resolved x-ray spectroscopy is used to detect and characterize intermediate molecular species and important new insight has been obtained. Two of the main strengths of x-ray spectroscopy, namely the possibility to probe the whole valence electronic structure and the selectivity to certain elements and even chemical species turn out to be the keys in most of these studies. By thus tuning to the absorption energy of a particular species the temporal evolution of its population can be recorded. In the investigations of spin-cross over reactions of metal complexes in solution, e.g., this has allowed for detecting bond-length changes (29) or the changes in orbital occupation (47) locally at the metal center in the solvated molecule and on femtosecond time scales. These examples demonstrate how time-resolved x-ray spectroscopy can been used to detect and characterize intermediate species during chemical reactions.
Very few attempts, however, have been made to date to explicitly map the evolution of the valence electronic structure during the reactions. Either the temporal resolution was not sufficient or the method applied did not allow for a complete mapping of the electronic structure.
Following all electrons making the bonds while the bonds change would directly complement the insight from tracking electron dynamics on the attosecond time scale on the one hand (48, 49) and nuclear dynamics on the femtosecond time scale on the other hand. It would give access to the coupled motion of electrons and nuclei during molecular dynamics (50) . Time-resolved x-ray probing of, in particular, the occupied valence electronic structure gives direct access to the evolution of chemical bonding. It could hence allow for answering the question of how the intermediates are formed and even why certain intermediates are formed and not others. Spectroscopic techniques with ultrashort x-ray pulses offer the unique chance to realize this. It is the purpose of this perspective to demonstrate with examples from the recent literature the interest in following the evolution of the occupied valence electronic structure as it evolves during chemical reactions. The advantage of using ultrashort x-ray pulses in combination with spectroscopic techniques is highlighted in particular. to a dissociative state (red: excited state potential energy) by absorption of an ultrashort laser pump pulse (dashed arrow). This corresponds to preparing a nuclear wavepacket (magenta) by a coherent superposition of states on the dissociative potential energy curve (17) . The evolution of the nuclear wavepacket can be tracked by probing at different nuclear distances or times Δt [pump-probe delay, see Figure 1 (a)] after excitation (1) (2) (3) (4) (5) . In a simplified way, the molecular orbital (MO) energy level diagram often used to introduce molecular orbitals in text books in Figure 1 Note that any probe that is sensitive to the wavepacket evolution on the dissociative potential energy curve [ Figure 1 (b) ] is suited to give a complete picture of the dissociation process.
Discussion
Why thus probing the valence electronic structure during chemical reactions? Valence electrons make the bonds and it is the bonds that are changing during chemical reactions. The interest could still be to study the wavepacket evolution or the dissociative state and for this to use a probe that is sensitive to the electronic structure such as TRPES if, e.g., other methods fail. However, the great benefit, I believe, for probing the electronic structure is rather to be able to follow the evolution of the chemical interactions of the atoms while the nuclei move.
This gives a more detailed picture of the chemical reaction and complements information 6 extracted from the wavepacket evolution or the change in the overall potential energy of the system. How chemical bonding changes in the course of a reaction, represents additional information that can be essential to understand the reaction as will be shown with the examples discussed here.
As mentioned before, one of the most direct ways of probing the valence electronic structure is photoelectron spectroscopy (PES). PES is schematically depicted in Figure 2 for ionization of the highest occupied MO (HOMO) in a molecular system. PES apparently gives direct access to the valence energy levels as the measured binding energy reflects the orbital energy of the respective valence state. TRPES with femtosecond pulses and pump-probe methods thus allows for mapping the evolution of the valence electronic structure (16-18, 10, 12, 13) . Note the similarity of the spectral evolution with the examples discussed on molecular anions with Figure 5 .
The intensity evolution of atomic states in the spectrum with time (of the Br 3 P 2 line at 11.8 e.g., Figures 8, 9 ) directly clocks the completion of the electronic structure of the free atom and can be used to determine the dissociation time. Ideally, the intensity of atomic states versus time can be represented by a step function where the step indicates the dissociation time (37, 1, 2, 63). This step function, however, has to be broadened with a Gaussian profile to account for the finite time resolution of the experiment. As a result, the step is located at the time where the broadened step function reaches 50% of its maximum as indicated in If one does not disentangle transient molecular and atomic contributions by, e.g., simply
analyzing the integrated intensity in the region of the atomic peak versus time a considerably underestimated dissociation time of 40 fs is extracted ( Figure 10 ). This is another aspect that highlights the importance of mapping the complete occupied valence electronic structure with TRPES as only following all valence states gives a complete picture of the electronic structure changes during dissociation.
The dissociation time of 85 fs is based on direct probing of the valence electronic structure by measuring the valence state energies with TRPES and corresponds to a nuclear distance of 3.8
Å. This is considerably shorter than the criterion often used for broken bonds: 2·R e = 4.6 Å where R e = 2.3 Å is the equilibrium distance for ground-state Br 2 . It is shorter than the Br 2 dissociation times recently reported in two publications: 300 fs (nuclear distance of 8. Combined with 20 fs short optical laser pulses one could achieve a temporal resolution (given by the x-ray-optical laser cross correlation and assuming Gaussian pulses) of 30 fs.
Eventually, a non-optimal temporal resolution could be compensated for with a particularly high sensitivity and high spectral resolution. Note that these considerations are based on the observed electronic structure changes during Br 2 photo dissociation. For the investigation of dissociation reactions of atoms and molecules that are lighter than Br but have similar dissociative states with, as a consequence, higher initial accelerations of the departing nuclei, the requirement for optimal temporal resolution is even more critical. The transition period of a few 10 fs or corresponding nuclear distances where the evolution of the valence electronic structure can be directly probed with x-ray spectroscopic techniques becomes even shorter and occurs faster after exciting the system.
The aforementioned examples all represent model systems for dissociation reactions of molecules and atoms in a sense that they all occur in the gas phase or at ultrahigh vacuum conditions on surfaces. Most chemical reactions in nature or in technologically relevant processes, however, occur in solution or at solid-liquid interfaces. If time-resolved x-ray spectroscopy is to be an important tool for the investigation of chemical reaction it has to be applicable to molecules in liquid environments. TRPES is feasible on liquids (66-68).
However, valence PES lacks elemental sensitivity and the contribution of solute and solvent molecules to the valence electronic structure can not be separated. Element-selective corelevel PES in turn is only indirectly sensitive to changes in the valence electronic structure.
Both properties (elemental selectivity and sensitivity to the valence electronic structure) are highly desirable for the investigation of chemical reactions of molecules in solution.
XES where the emitted x-ray fluorescence is dispersed with an x-ray monochromator and the fluorescence intensity is detected as a function of the emitted x-ray photon energy, is a method that combines all of the required properties: It is a photon in photon out technique that can be readily applied to the investigation of liquids and solid-liquid interfaces and examples for soft x-ray XES/RIXS on liquid samples can be found in (69) (70) (71) (72) (73) (74) (75) (76) (77) (78) (79) (80) . In addition and as illustrated in Figure 2 , it can be used to retrieve information on the valence electronic structure that is very similar to the information from valence PES. This is valid for XES/RIXS with both soft and hard x-rays and examples can be found in refs. 81-85.
As shown in Figure 2 , in XES with soft x-rays the valence electronic structure is projected onto the core hole created in the primary photoionization event (not shown in Figure 2 ) as the core-hole is filled with electrons from the valence states (83) (84) (85) . While this decay channel of the core hole is the dominant radiative decay channel in the soft x-ray photon energy regime, other transitions, namely core to core transitions, are the dominant radiative decays in the hard x-ray regime (82) . As we are interested in the valence electronic structure here, I will focus in the following on valence to core transitions in XES/RIXS (core-valence XES). If not further specified, the arguments on core-valence XES/RIXS apply to both, soft and hard x-ray corevalence XES/RIXS.
The final state in core-valence XES with a hole in a valence orbital is identical to the final state in valence PES (Figure 2 , note that the selection rules for the transitions are different).
Core-valence XES thus probes the electronic ground state of the system in contrast to, e.g., xray absorption spectroscopy where a core-excited state is probed. XES is performed at fixed incident photon energy well above the x-ray absorption edge of the element under investigation. In the resonant version of XES, namely RIXS, the incident photon energy is tuned through the x-ray absorption edge and losses with respect to elastic scattering are measured. These losses could be due to vibrational transitions (meV regime) or electronic transitions (eV regime). With high enough resolution in the fluorescence monochromator, losses due to different vibrational transitions can even be resolved in RIXS (86, 87) . Above the edge, the loss spectrum measured in RIXS becomes identical to the XES spectrum.
In As core holes are strongly localized on the absorbing atom, XES/RIXS is a local probe.
Although valence states might be extended over many atoms or the whole system, with corevalence XES/RIXS the valence electronic structure is probed locally around the absorbing atom. XES/RIXS in addition is symmetry sensitive. Due to the symmetry of the core orbital and with the dipole selection rules for the radiative decay, core-valence XES/RIXS maps the contribution of states with a selected symmetry or orbital character to the valence electronic structure (states with p-character e.g. in O K-edge XES/RIXS). Figure 12 convincingly demonstrates the power of element-, siteand symmetry-specific probing of the valence electronic structure of a glycine molecule adsorbed on a solid surface with core-valence XES/RIXS (84) . By tuning the excitation energy to the respective x-ray absorption edges of the different elements oxygen, carbon and nitrogen, the valence electronic structure is resolved in terms of their respective contributions to the various orbitals (elemental selectivity, see Figure 2 ). In addition, by exciting the different carbon atoms of glycine in the two different chemical sites (COO and CH 2 ) the contribution of the chemically different carbon atoms to the valence electronic structure could be disentangled (site selectivity). Symmetry-sensitivity is used in addition in the example shown here by detecting the fluorescence at different angles between the polarization vector of the exciting radiation with respect to the surface of the sample (with respect to the orientation of the molecular orbitals). Apparently, core-valence XES/RIXS gives a most complete picture of the bonding of the glycine molecule to the Cu surface. Obviously, mapping the evolution of the valence electronic structure of molecules during chemical reactions on surfaces, at interfaces and in solution similar to as it is demonstrated in Figure 12 but with femtosecond time-resolved core-valence XES/RIXS would provide unprecedented insight into the dynamics of chemical interactions. 
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Summary and conclusions
This perspective aims at demonstrating the interest in following the evolution of the occupied 
